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The reaction of the osmium-antimony cluster Os3(CO)10(µ-H)(µ-SbPh2) with the 
group 16 compounds REER or PhEH (R = Ph, Me; E = S, Se, Te) led to the isolation 
of the compounds Os3(CO)10(µ-H)(µ-SER) and Os3(CO)10(µ-SbPh2)(µ-EPh). 
However, the as-yet unidentified major products were yellow powders which 
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The short line extending from Os (in the molecular structure diagrams) represents a 

















































































5c.        Unknown compounds from reaction of 1 or 2 with REER or REH 
 
































































































































































H. HOs3(CO)10(µ-SbPh2)( R2E2) or HOs3(CO)10(µ-SbPh2)(REH),     
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Chapter 1 Organometallic chemistry of clusters containing osmium or 
ruthenium and the heavier group 15 elements  
 
Organometallic clusters are compounds with two or more metal atoms in which 
metal-metal bonding is present.
1
 Beginning from the 1970s, numerous novel clusters 
have been reported every year.
2
 The initial stimulus was the cluster-surface analogy, 
i.e., a metal cluster may serve as a structural model for the interaction of organic 
ligands on the surface of bulk metal. The gradual evolution of cluster structure, 
magnetic behavior, and ionization potential with increasing cluster size is another 
reason for the interest in cluster compounds. When several transition metal atoms 
bind together, they tend to agglomerate in order to form the maximum number of 




Main group-transition metal cluster compounds have been of great interest in the field 
of organometallic chemistry due to their unique structural and reactivity patterns. The 
introduction of main group elements into a transition metal cluster framework 
enhances its polarity and changes the reactivity chemistry from that of the 
homometallic system; this is the interplay between the differing properties of the 
elements. Furthermore, there is a steady movement towards the view that the main 
group elements in many such compounds should be better regarded as an integral part 




Of the transition metals, among those most well-studied because of their propensity to 
form metal-metal bonded compounds are the heavier group 8 metals – ruthenium and 
osmium. The chemistry of these two metals are often similar, differing mainly in their 
reactivity. The next section will therefore examine the structural types that are known 
2 
 
for mixed metal clusters containing ruthenium or osmium and the heavier group 15 
elements, viz., As, Sb and Bi. 
 
1.1 Structural feature 
In contrast to the large number of structures known for Os-P and Ru-P clusters, there 
are very few examples of clusters containing osmium or ruthenium with the heavier 
group 15 elements. Many of the clusters containing a heavier group 15 element have 








Clusters in which the E atom is bonded to two or more metal atoms are given in Table 
1.1. 
 
In comparison with Os-P clusters, those containing a heavier group 15 element tend to 
adopt an open structure via M-M bond cleavage. This may be due to the larger size of 
the heavier group 15 elements favoring bridging over a longer M…M distance. As has 
been observed elsewhere, metal-metal bond lengths involving transition metals vary 
over a wide range and are very prone to steric and electronic effects of the 
substituents.
10-11
 The Ru-Ru bond lengths for the clusters in Table 1.1 span the range 
2.731(1) to 3.1700(5) Å, i.e., a spread of 0.44 Å; the corresponding range for the Os-
Os bond is 2.7524(6) to 3.2332(12) Å, i.e., a spread of 0.48 Å. The bridging hydride is 
an example of ligand effects on metal-metal bond lengths. The presence of a bridging 
hydride tends to lengthen the Os-Os bond, while a doubly hydride-bridged Os-Os 
bond tends to be contracted.
10-11 
The range from the M-E bond lengths are given in 
Table 1.2. The ranges reflect the covalent radii of the group 15 elements (1.19 Å, 1.38 
Å and 1.46 Å for As, Sb and Bi, respectively.) 
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Os3(CO)9(µ-H)(SbPh2)(C6H4)L ; L = PPh3, P(p-tolyl)3, 
PMe2Ph 
Os3(CO)8(µ-H)(SbPh2)(µ3,η





















































































































































































































































































































































































Table 1.2 Ranges of the M-E bond lengths. 
Ru-E Bond lengths (Å) Os-E Bond lengths (Å) 
Ru-As 2.366(1)-2.8568(4) Os-As 2.406(1)-2.5730(7) 
Ru-Sb 2.5973(4)-2.7905(5) Os-Sb 2.5376(11)-2.8916(6) 




Earlier work from our group has shown that osmium-antimony clusters often show 
novel reactivity patterns which are different from the phosphorus or arsenic analogues. 
One of the more well-studied cluster among these is Os3(CO)10(µ-H)(µ-SbPh2), 1, 
which can be obtained in reasonable yield from the salt elimination reaction of 
[Os3(µ-H)(CO)10(µ-CO)]
-
 and an excess of Ph2SbCl in THF (Scheme 1.1). Two other 
products, Os3(CO)10(µ-SbPh2)2, A,  with an SbPh2 bridging a closed Os-Os edge, and 
[Os3(CO)10(µ-H)(µ-SbPh2)]2, B, a dimeric version of cluster 1 which comprises two 
Os3(CO)10(µ-H)(µ-SbPh2) moieties linked via two SbPh2 bridges, are also obtained. 
Cluster A can also be obtained from the reaction of 1 and Ph2SbCl, and the Os-Os 




Cluster 1 undergoes nucleophilic addition reactions with two-electron donors L 
(where L = EPh3, CO or 
t
BuNC) via an Os-Os bond cleavage. Depending on the 
identity of L, up to three isomers have been observed (Scheme 1.2).
21-22
 It has been 
established that tertiary phosphines and arsines tend to occupy equatorial positions 
while N and C donor ligands which are rod-like, such as nitriles and isonitriles, tend 
to occupy axial positions; this has been attributed to stereoelectronic reasons;
2
 The 
axial position is electronically favored as it places poorer π-acid ligands trans to a CO, 
as opposed to mutually trans COs if the ligand is in an equatorial position. For 
phosphines and related sterically bulky ligands, the greater steric hindrance of the 
axial position disfavors it. In the reaction of cluster 1 with 
t
BuNC, however, three 
isomers were observed, in which the isonitrile ligand occupied equatorial and axial 
positions.
22
 These adducts can undergo decarbonylation, especially at elevated 



















































































































Os3(CO)9(µ-H)(µ-SbPh2)(AsPh3), F, in which all the three Os-Os bonds remained 































L = EPh3, CO, 
tBuNC;


















In contrast to the above, the reactivity of 1 with the chalcogens are unexplored. The 
contribution of transition metal-carbonyl compounds and the chalcogens introduces 
novel structural and reactivity features. For example, it has been found that 
Os3(CO)12-n(NCCH3)n (n = 1 or 2) reacted with R2E2 (R = Ph or Me; E = S, Se or Te) 
to afford clusters Os3(CO)10(µ-ER)2, G, in two isomeric forms G1 and G2.
 46-48
 In line 
with our general interest in transition metal-main group element mixed-metal clusters, 
we embarked on an exploration of the chemistry of 1 with some compounds of the 




















R = Ph or Me









Scheme 1.3 Reaction of triosmium clusters and R2E2 (R = Ph or Me; E = S, Se or Te).  
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Chapter 2 Reaction of Os3(CO)10(µ-H)(µ-SbPh2), 1 with group 16 compounds 
 
As mentioned in the previous chapter, antimony-containing osmium clusters are 
known to undergo nucleophilic addition.
1-2
 While triosmium clusters are known to 
react with group 16 elements, in contrast, the reactivity of antimony-containing 
osmium clusters with group 16 elements has not been explored. In this section, the 
synthesis and reactivity of the cluster Os3(CO)10(µ-H)(µ-SbPh2), 1 with some group 
16 compounds are reported. 
 
2.1 Reaction of Os3(CO)10(µ-H)(µ-SbPh2) with REER and PhEH 
The cluster Os3(CO)10(µ-H)(µ-SbPh2), 1 reacted with an equimolar of REER or PhEH 
(R = Ph, Me; E = S, Se, Te) in hexane at room temperature to afford a yellow solid (5); 
TLC separation of the supernatant gave several bands in low yields, of which the two 













R = Ph, Me









3a: R = Ph, E = S
3b: R = Ph, E = Se
3c: R = Ph, E = Te
3d: R = Me, E = Se
4a: R = Ph, E = S
4b: R = Ph, E = Se
5a: R = Ph, E = S
5b: R = Ph, E = Se
5c: R = Ph, E = Te
5d: R = Me, E = Se
 




The identities of Os3(CO)10(µ-H)(µ-SPh) (3a), Os3(CO)10(µ-H)(µ-SePh) (3b), 
Os3(CO)10(µ-H)(µ-TePh) (3c) and Os3(CO)10(µ-H)(µ-SeMe) (3d) were made on the 
basis of their IR spectra in the carbonyl region and bridging hydride resonance in their 
1
H NMR spectra, which matched those reported earlier;
3-5
 the IR spectrum for 3a 
(Figure 2.1) is typical. 
 






















































































The profiles of the CO stretching vibrations of 4a and 4b were similar, indicating that 
they were analogous products (Figure 2.2). The pattern was also different from that 
for the two known clusters Os3(CO)10(µ-SbPh2)(µ-EPh2) (E = P or Sb, 4e and 4f, 
respectively), in particular, an extra peak at 2031 cm
-1
 or 2029 cm
-1
 was observed for 
4a and 4b, respectively.  
 




















































































4b 2101mw, 2060vs, 2037s, 2029s, 2024s, 2008w, 1992mw, 1970mw, 1959w 
4e 2104w, 2062mw, 2027s, 2000mw, 1992mw, 1967w, 1955m 
4f 2102mw, 2054mw, 2033sh, 2026s, 2001w, 1983mw, 1972w, 1960mw 
  
Figure 2.2 Infrared spectrum (in hexane) of Os3(CO)10(µ-SbPh2)(µ-SPh), 4a, and  





The identities 4a and 4b were established by single crystal X-ray diffraction studies as 
the clusters Os3(CO)10(µ-SbPh2)(µ-SPh) and Os3(CO)10(µ-SbPh2)(µ-SePh), 
respectively. The ORTEP diagram of 4a is shown in Figure 2.3, and selected bond 
parameters for 4a, 4b, 4e and 4f are given in Table 2.1. The structures of both 4a and 
4b show a SbPh2 moiety bridging an open Os-Os edge and an SPh or SePh moiety 
bridging a closed Os-Os edge. This indicated that 4a and 4b have undergone a novel 
nucleophilic addition in which a metal-metal bond has been cleaved. In contrast to 4e 
and 4f, the Os2E (E = S or Se) plane in 4a and 4b is roughly perpendicular to the 
Os3Sb plane; the dihedral angles between the Os3Sb and Os2E planes are 93.1(1)° and 
92.3(1)° for 4a and 4b,  respectively. In contrast, the EPh2 ligand bridging the closed 
Os-Os edge in 4e and 4f is roughly coplanar with the Os3Sb quadrilateral, with the 
dihedral angle being 1.6° and 1.2°, respectively. This difference in structure is 
presumably due to the additional Ph group for E = P or Sb; bending of the EPh2 group 
out of the Os3Sb plane would not meet with steric hindrance from the axial carbonyl 




As may be expected, the Os-E bond length increases, and the Os-E-Os bond angle 
decreases, with increasing size of the atom E (covalent radii: S = 1.05 Å; P = 1.07 Å; 
Se = 1.20 Å; Sb = 1.39 Å). That the EPh group in 4a and 4b is approximately 
perpendicular to the Os3Sb plane compared to the almost coplanarity for the EPh2 
group in the P and Sb analogues, has significant effects on bond parameters. Thus the 
Os(1)-E(5) and Os(2)-E(5) lengths are significantly different in the latter pair of 
clusters but not so for 4a and 4b. This may be attributed to the fact that as the EPh2 
fragment is coplanar with the Os3Sb ring, E(5) is trans to Sb(4) along the E(5)-Os(1) 
20 
 
direction, but to Os(3) along the E(5)-Os(2) direction. This may imply that the trans 





























Bond parameters 4e 4f 4a 4b 
E P Sb S Se 
Os(1)-Os(2) 2.9436(5) 3.0408(6) 2.8622(2) 2.8680(6) 
Os(2)-Os(3) 2.9968(5) 2.9967 (6) 3.0062(2) 2.9933(6) 
Os(1)-Sb(4) 2.6334(6) 2.6384(8) 2.6585(3) 2.6488(8) 
Os(3)-Sb(4) 2.6993(6) 2.7132(8) 2.6782(3) 2.6650(8) 
Os(1)-E(5) 2.350(2) 2.6164(9) 2.4057(10) 2.5175(10) 
Os(2)-E(5) 2.311(2) 2.6023(9) 2.4042(10) 2.5178(11) 
Os(1)-Sb(4)-Os(3) 109.07(2) 110.61(3) 106.871(10) 106.77(3) 
Os(1)-Os(2)-Os(3) 93.965(14) 93.574(17) 93.812(6) 93.359(16) 
Os(2)-E(5)-Os(1) 78.33(7) 71.28(2) 73.03(3) 69.44(3) 
Dihedral angle between 
Os3Sb and Os2E 
1.6 1.2 93.1 92.3 








A plausible mechanism for the formation of 4a and 4b that is in accordance with that 
for the phosphorus and antimony analogues,
6, 7
  is shown in Scheme 2.2. Evidence for 
the intermediate H is provided by the presence of a resonance at δ -8.70 when the 
reaction with PhSeSePh was monitored by 
1
H NMR spectroscopy. After formation of 
H, an isomer of 4 in which the ER group bridged the open Os-Os bond is formed. The 
isostructural analogue of 4 then undergo a rearrangement due to the higher tendency 
for an SbPh2 to span an open Os…Os edge compared to an ER group, via a metal-









































Compounds 5 are the major product from the reaction of Os3(CO)10(µ-H)(µ-SbPh2), 1 
with REER or REH. The presence of CO absorption in the region from 2200 to 1800 
cm
-1
 in their IR spectra showed that they are osmium-containing clusters (Table 2.2). 
The IR spectrum of 1 with REER or REH shows similar CO absorption patterns 
(2087w, 2022s and 1958sh for 5c is typical) suggested that they have similar 
structures (Figure 2.4). The amount of 5 formed increased with reaction time until the 
starting material is consumed. Stirring separate hexane solutions of 3b or 4b at room 
temperature showed changes in their IR spectra but there was no conversion to 5b. 
Compound 5b is thermally stable; it remained unreacted after heating at 115 °C for  
36 h. Thus we believe that compounds 3, 4 and 5 were formed via different pathways.  
 
Table 2.2 IR and 
1
H NMR spectra of compounds 5. 




H NMR (CDCl3) 
5a 2111w, 2022mw, 2015s, 1967m δ 8.50-6.00 (br, Ph) 
5b 2110w, 2091w, 2074w, 2026s, 1963m δ 8.50-6.00 (br, Ph) 
5c 2087w, 2022s, 1958m δ 8.00-6.50 (br, Ph) 
5d 2089w, 2055mw, 2007s 
δ 8.00-7.00 (br, Ph),  
3.00-1.90 (br, Me) 
5e 2087w, 2025s, 1962m 
δ 7.95-6.55 (br, 16H, Ph), 
4.00-3.50 (br, 6H, OMe), 
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H NMR spectra of 5 showed a broad peak in the aromatic region; that for 5c is 
shown in Figure 2.5. Likely causes for such peak broadening include paramagnetism, 
fluxionality or a fast equilibrium. The magnetic susceptibility of 5, as determined with 
a magnetic susceptibility balance, was zero (for 5a, 5b and 5c), and T1 for the 
aromatic protons, as estimated by the inversion recovery method was long (2.5s for 
5c), showing that 5 were not paramagnetic.               





                
Figure 2.5
 1
H NMR (500 MHz, CDCl3) of compounds 5c. 
 
In order to establish if 5 was fluxional, and to obtain some information on its 
composition, the compound 5e was prepared from the reaction of Os3(CO)10(µ-H)[µ-
Sb(p-OCH3C6H4)2] with (p-tolyl)2Te2. The 
1
H NMR spectrum of 5e showed a broad 
aromatic resonance at 7.95-6.55 ppm, OMe at 3.81 ppm and Me at 2.36 ppm, in the 
integration ratio of 2.7, 1.0 and 1.0, respectively (Figure 2.6). This suggested that 5e 
consisted of one Sb(p-OCH3C6H4)2 group and one (p-tolyl)2Te2 group. A variable 
temperature 
1
H NMR spectroscopic study showed no change in the spectrum with 
temperature except for a decrease in intensity on lowering the temperature, which 







H NMR (500 MHz, CDCl3) spectrum of compound 5e. 
 
 
                  
   
Figure 2.7 Variable temperature 
1
H NMR (400 MHz, d8-toluene) of 5e (Top:  




Attempts were also made on the characterisation of the compounds 5 by studying 
their reactivity. Thus 5b remained largely unreacted after heating with PPh3 in toluene 
at 60 °C over 2 d. TLC separation of the reaction mixture did yield two yellow 
crystalline solids, 6 and 7. The spectroscopic data for 6 and 7 suggested that they 
contain phosphorus, but they remain otherwise unidentified. A reaction of 5c with 
excess bromine in dichloromethane afforded three products after recrystallization. The 
products remain unidentified at this stage. 
 
2.2 Conclusion 
The reaction of Os3(CO)10(µ-H)(µ-SbPh2) with REER or PhEH (R = Ph, Me; E = S, 
Se, Te) gave the known compounds Os3(CO)10(µ-H)(µ-SER), 3a-d, the new 
compounds Os3(CO)10(µ-SbPh2)(µ-EPh), 4a-b, and the as-yet unidentified 
compounds, 5a-d. Compounds 3, 4 and 5 were formed via different pathways. The 
new compounds 4 appear to have resulted from nucleophilic addition of an EPh group, 
with cleavage of an Os-Os bond. Unlike the structurally related clusters Os3(CO)10(µ-
SbPh2)(µ-EPh2) where E = P or Sb, the EPh group in 4 is roughly perpendicular to the 
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Chapter 3 Experimental 
 
3.1 General experimental 
All manipulations were carried out using standard Schlenk techniques under an inert 
atmosphere of argon. Solvents that were used for reactions were distilled over the 
appropriate drying agents under argon before use. The products were generally 







NMR spectra were recorded on a Bruker AC 300 or AMX 500 FT-NMR spectrometer, 
with chemical shifts referenced to residual solvent peaks in CDCl3, unless otherwise 
stated. Infrared spectra were recorded on a Bruker Alpha FT-IR spectrometer at a 
resolution of 2 cm
-1
, as solutions in hexane (unless otherwise stated) in a solution cell 
with NaCl windows. ESI-MS and Q-Tof spectra were recorded on MATLCQ and 
MassLynx V4.1 spectrometers, respectively. Elemental analyses were performed by 
the microanalytical laboratory at NUS. Crystal data were collected on a Bruker-AXS 
Smart Apex CCD single-crystal diffractometer in NUS or a Bruker-AXS Smart Apex-
II CCD single-crystal diffractometer in NTU. Single crystal X-ray crystallographic 
studies were carried out by A/P Leong Weng Kee and Dr Li Yongxin. 
 









 were prepared according to reported procedures. All other reactants and 







3.2 Reaction of [PPN][HOs3(CO)11] with (p-OCH3C6H4)2SbCl 
To a Schlenk tube containing [PPN][HOs3(CO)11] (200 mg, 0.14 mmol) and THF (35 
ml) was added (p-OCH3C6H4)2SbCl (156 mg, 0.42 mmol). The color of the solution 
changed from dark red to yellow immediately. The mixture was allowed to stir for 5 
min at room temperature. TLC separation using dichloromethane/hexane (1:4, v/v) as 
eluant gave two bands.  
Band 1 (Rf = 0.31) gave a yellow solid of Os3(CO)10(µ-H)[µ-Sb(p-OCH3C6H4)2], 2.        
Yield = 11 mg, 7%.  
IR (cm
-1
): νCO 2101m, 2052vs, 2020s, 2011ms, 1996mw, 1988m, 1978w 
1




Band 2 (baseline) gave yellow solid. Yield = 109 mg. This band was not characterized.  
 
3.3 Reaction of 1or 2 with REER or REH (R = Ph, Me; E = S, Se, Te) 
In a typical experiment, to a Schlenk tube containing 1 (60 mg, 50 µmol) and hexane 
(20 ml) was added an equimolar amount of PhEEPh. The reaction mixture was stirred 
at room temperature until the IR spectrum of the solution showed that 1 has been 
consumed. A yellow solution with a yellow precipitate was obtained. The yellow 
precipitate (5) was collected by filtration through a sinter and the supernatant was 
chromatographed on silica gel plates using dichloromethane/hexane (1:2, v/v) as 
eluant to afford two bands - Os3(CO)10(µ-H)(µ-ER) (3) and Os3(CO)10(µ-SbPh2)(µ-
EPh) (4). The amount of reactants, reaction time, and the reaction products, are 
summarised in Table 3.1; spectroscopic data of the reaction products are summarised 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.4 Reaction of clusters 5 
3.4.1 Thermolysis of 5b 
Compound 5b (13 mg) was placed in a Carius tube with toluene (5 mL) and the 
reaction mixture degassed by three freeze-pump-thaw cycles. The suspension was 
then heated at 115 °C for 36 h upon which the color of the solution changed from 
yellow to brown. TLC separation of the mixture using dichloromethane/hexane (1:1, 
v/v) as eluant gave three bands.  
Bands 1 and 2 were obtained in low yield. 
Baseline gave unreacted 5b (3 mg) as identified spectroscopically.  
 
3.4.2 Reaction of 5b with PPh3 
PPh3 (6 mg, 23 µmol) was added to a toluene solution (5 ml) of cluster 5b (30 mg). 
The reaction mixture was stirred at 60 °C for 2 d. The solvent was removed in vacuo 
and redissolved in dichloromethane to give a yellow solution. Recrystallization of the 
yellow residue from dichloromethane/ hexane gave unreacted (5b); TLC separation of 
the supernatant using dichloromethane/hexane (1:1, v/v) as eluant gave two bands. 
Band 1 (Rf = 0.69) afford yellow crystalline of 6. Yield = 6 mg.  
IR (cm
-1
): νCO 2094w, 2060vs, 2017m, 2010m, 1997s, 1987s, 1971ms, 1941m 
1




H} NMR (C6D6):  19.56 (s), 5.20 (s) 
Band 2 (Rf = 0.55) afforded yellow crystalline 7. Yield = 3 mg.  
IR (cm
-1
): νCO 2013s, 1950s 
1








3.4.3 Reaction of 5c with bromine 
Bromine (0.05 mL) was added dropwise to a dichloromethane solution (5 ml) of 
cluster 5c (40 mg). The reaction mixture was stirred at room temperature for 5 h. A 
dark yellow solution with a yellowish green precipitate was obtained. The yellowish 
green precipitate (8) was collected by filtration through a sinter. After removal of 
solvent, the filtrate was recrystalized from dichloromethane/ hexane to give a yellow 
solid (9). Removal of solvent from the supernatant afforded a yellow residue (10).  
8: Yield = 14 mg.  
IR (KBr, cm
-1
): νCO 2128w, 2042s, 1971m  
1
H NMR (d6-DMSO):  8.50-6.90 (br, Ph) 
9: Yield = 24 mg.  
IR (CH2Cl2, cm
-1
): νCO 2121m, 2097w, 2068vs, 2061vs, 2036sh, 1995w 
1
H NMR (C6D6):  8.21-6.76 (m, Ph) 
10: Yield = 5 mg.  
IR (cm
-1
): νCO 2176w, 2120sh, 2112vs, 2089s, 2078vs, 2067sh, 2050vs, 2041m,   
                       2033m, 1993w, 1980w 
1











3.5 Crystallographic studies 
Crystals of diffraction quality were grown by slow evaporation of a dichloromethane/ 
hexane mixture. X-ray crystallographic data were collected on a Bruker APEX 
diffractometer equipped with a CCD detector, employing Mo K radiation ( = 
0.71073 Å), at 298 K (in NUS) and 173 K (in NTU) with the SMART suite of 
programs.
6
 Data were processed and corrected for Lorentz and polarisation effects 
with SAINT,
7
 and for absorption effects with SADABS.
8
 Structural solution and 
refinement were carried out with the SHELXTL suite of programs.
9
 Crystal and 



















Table 3.3 Crystallographic table for clusters 4a and 4b. 
Clusters 4a 4b 
Empirical formula C28H15O10Os3SSb C28H15O10Os3 
Formula weight 1235.81 1282.71 
Crystal color and habit Yellow, block Yellow, block 
Crystal size, mm
3
 0.24 x 0.20 x 0.14 0.42 x 0.33 x 0.29 
Crystal system Triclinic Triclinic 
Space group P ī P ī 
a, Å 8.4366(3) 8.2782(4) 
b, Å 12.0998(4) 12.0971(6) 
c, Å 16.4773(6) 16.2558(8) 
, deg 81.4320(10) 80.978(3) 
deg 77.0250(10) 77.261(2) 
deg 72.0680(10) 73.478(3) 
Volume, Å3 1553.66(9) 1514.53(13) 
Z 2 2 
Density, Mgm-3 2.642 2.813 
Abs. coefficient, mm-1 13.209 14.683 
F(000) 1116 1152 
 range for data 
collection 
2.09 to 30.47 2.08 to 26.37 






No. of reflections 
collected 
23215 32109 
Independent reflections 8773 
[R(int) = 0.0351] 
6118 
[R(int) = 0.0454] 
Data/ restraints/ 
parameters 
8773 / 0 / 388 6118 / 0 / 389 
Goodness-of-fit on F2 1.063 1.195 
Final R indices [I>2σ 
(I)] 
R1 = 0.0267, 
wR2 = 0.0607 
R1 = 0.0336,  
wR2 = 0.0876 
R indices (all data) R1 = 0.0315, 
wR2 = 0.0624 
R1 = 0.0438,  
wR2 = 0.1242 
Largest diff. peak and 
hole, e.Å-3 
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Chapter 4 d-f block organometallic clusters  
 
4.1 Background 
The study of organometallic clusters has been driven by the cluster surface analogy, 
and more recently, by their potential as catalysts or catalyst precursors, both in the 
homogeneous and heterogeneous modes.
1-2
 Two particular classes of clusters that 
have received much interest in catalysis work have been: (i) mixed-metal clusters; the 
presence of more than one type of metals in the same cluster offers a greater variety of 
synergism,
3-4
 and (ii) clusters that contain one or more ligands that help to maintain 
the overall integrity of the cluster core during catalysis. Thus in our group, we have 
been actively synthesizing organometallic cluster compounds containing different 
transition metals, or those containing a transition metal with a heavier main group 
element. Our interest has not only been in the development of clusters as catalysts, but 
also as models for the study of heterogeneous catalysis, and more recently, their 
utility in biological systems.  
 
On the other hand, organolanthanide chemistry has also been slowly developing. This 
has been driven by the application of lanthanides in catalysis as well as in bioimaging, 
such as their employment as MRI agents. Against this background, what is very 
obviously missing is that of heteronuclear clusters containing transition metals with 
lanthanides. There have been a handful of reports on organometallic compounds that 
contain an Ln-M (Ln = lanthanide; M = transition metal) bond, and these are confined 








Figure 4.1 Organometallic compounds that contain Ln-M bond. 
 
4.2 Synthetic strategy 
The synthetic aim was to synthesise the first organometallic cluster containing an Ln-
M bond. It is known that one of the primary problems associated with the synthesis of 
an Ln-M bond is that the lanthanides tend to form ionic bonds and are fairly “hard” in 
the Pearson’s HSAB sense. On the other hand, transition metal species, particularly 
organomeatallic derivatives, are “soft”. This has led to the general observation that 
ionic reactions such as between a metal carbonylate and a lanthanide halide tend to 
lead to compounds in which there is essentially ionic interactions between the 
lanthanide and carbonylate ions rather than the formation of an Ln-M bond. One 
possible way forward is via organolanthanides such as [(THF)Cp*2Yb]
+
, which are 











A second approach is that of ligand-assisted synthesis. This has been shown to be a 
powerful tool in the synthesis of heteronuclear clusters. Ligands employed for this 
purpose have included diphosphines, sulphides and selenides, as well as alkynes. Thus 
it may be possible to utilize an organometallic cluster precursor containing a ligand 
40 
 
that can facilitate initial addition of a lanthanide complex, followed by rearrangement 

























Scheme 4.1 Plausible synthesis of organometallic clusters containing Ln-M  
                    bonds through ligand assistance. 
 
Variation of the metal (M) and the chalcogenide (E) will allow us to test which 
combination(s) can sufficiently match the “hardness” of the lanthanide precursor to 
allow the crucial Ln-E bond to be formed.  
 
It is also possible to employ a ligand that contains both hard and soft donor atoms, 
such as aminophosphines, that can link to suitable transition metal and lanthanide 

















Scheme 4.2 Synthesis of organometallic clusters containing Ln-M bonds  
                    through ligand assistance. 
 
4.3 Synthesis of organometallic clusters containing transition metal-lanthanide 
bonds 
Two different pathways for synthesis of the organometallic clusters containing 
transition metal-lanthanide bonds were explored (Scheme 4.3). In the first pathway, a 
bi-functional ligand was attached to an osmium cluster. An organometallic cluster 
precursor containing a ligand that can facilitate initial addition of a lanthanide 
compound was formed which was then reacted with a lanthanide complex. The 
second pathway involved attachment of the bi-functional ligand to a lanthanide 
complex, followed by reaction with an organometallic cluster. 
 
No reaction product was obtained from the first pathway; however, a compound (16) 




H} NMR spectrum of 15 showed a 
single resonance at -9.27 ppm which is shifted to 31.56 ppm after the reaction. 









































































































































































The bi-functional ligands choosen appear to be unsuitable; they may be too poor as a 
ligand – especially for lanthanides. There are few obvious alternatives that can be 
looked at. One is to substitute the indenyl or furan with better donors like THF, 
pyridine or thiophene. 
 
4.4 Experimental 
4.4.1 General experimental 
All manipulations were carried out using standard Schlenk techniques under an inert 
atmosphere of argon. Solvents that were used for reactions were distilled over the 
appropriate drying agents under argon before use. The products were generally 





spectra were recorded on a Bruker ACF300 or AMX500 FT-NMR spectrometer with 
chemical shifts referenced to residual solvent peaks in the respective deuterated 
solvents or non-deuterated solvents using a previously reported procedure.
9
 Infrared 
spectra were recorded on a Shimadzu Prestige-21 FTIR spectrometer at a resolution of 
1 cm
-1
, as solutions in dichloromethane (unless otherwise stated) in a solution cell 
with NaCl windows. FAB (3-nitrobenzyl alcohol as matrix) spectra were recorded on 
a Finnigan MAT95XL-T mass spectrometer. 
 







 and Cp*2Sm(THF)2, 12,
13
 were 
prepared according to reported procedures. All other reactants and reagents were 





4.4.2 Synthesis of Os3(CO)11L, [L = Ph2P(CH2CH2C9H7), Ph2P(OC4H3)]  
(a) Synthesis of Os3(CO)11[P(CH2CH2C9H7)Ph2], 13 
To a Schlenk tube containing compound 11 (67 mg, 73 µmol) and THF (7 ml) was 
added an equimolar amount of Ph2P(CH2CH2C9H7) (25 mg, 73 µmol). The reaction 





spectrum of the solution showed that starting mterials have been consumed (~17 h). A 
yellow solution was obtained. TLC separation using toluene/hexane (1:4, v/v) as 
eluant gave 13 (Rf = 0.58) as the major band. 
Os3(CO)11[P(CH2CH2C9H7)Ph2], 13: Yield =  62 mg, 70 %. 
IR (cm
-1









(b) Synthesis of Os3(CO)11[P(OC4H3)Ph2], 14 
To a Schlenk tube containing compound 11 (90 mg, 98 µmol) and THF (7 ml) was 
added an equimolar amount of Ph2P(OC4H3) (25 mg, 98 µmol). The reaction mixture 




H} NMR spectrum of 
the solution showed that starting materials have been consumed (~24 h). A yellow 
solution was obtained. TLC separation using toluene/hexane (1:4, v/v) as eluant gave 
14 (Rf = 0.67) as the major band. 
Os3(CO)11[P(OC4H3)Ph2], 14: Yield =  55 mg, 50 %. 
IR (cm
-1











4.4.3 Reaction of Cp*2Sm(THF)2 with 13 or 14 
(a) Reaction with Os3(CO)11[P(CH2CH2C9H7)Ph2], 13 
To a Schlenk tube containing compound 13 (59 mg, 50 µmol) and toluene (5 ml) was 
added NaH (1 mg, 50 µmol). The reaction mixture was stirred at room temperature. 
After 2.5 h, an equimolar of compound 12 (28 mg, 50 µmol) was added. The color of 
the solution changed from yellow to red immediately. However, monitoring of the 




H} NMR spectroscopy showed no reaction 
occurred even after ~3 d. 
 
(b) Reaction with Os3(CO)11[P(OC4H3)Ph2], 14 
To a Schlenk tube containing compound 14 (60 mg, 50 µmol) and toluene (5 ml) was 
added an equimolar of compound 12 (30 mg, 50 µmol). The color of the solution 
changed from yellow to yellowish orange immediately. The reaction mixture was 




H} NMR spectrum, but there was 
no apparent reaction even after stirring at room temperature for ~4 d. 
 
4.4.4 Synthesis of (THF)Yb[(C9H7CH2CH2)PPh2]3, 15 
To a Schlenk tube containing Ph2P(CH2CH2C9H7) (18 mg, 54 µmol) and THF (2 ml) 
was added NaH (2 mg, 84 µmol). The reaction mixture was stirred at room 
temperature. After 0.5 h, YbCl3 (12 mg, 42 µmol) was added. The reaction mixture 
was stirred at room temperature for 1 h to afford a yellow solution with a grey 
precipitate. The grey precipitate (NaH) was filtrated off through a sinter and the 














4.4.5 Reaction of (THF)Yb[(C9H7CH2CH2)PPh2]3 with Os3(CO)11(NCMe) 
To an NMR tube containing compound 15 (10 mg, 8 µmol) and compound 11 (15 mg, 
16 µmol) was added THF (1 ml). The reaction was stirred at room temperature for  
0.5 h. A yellow solution (16) was obtained.  
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